The activities of -carotene on redox status and the immune functions of RAW264 cells, a murine macrophage cell line, were investigated. Supplementation with -carotene for RAW264 cells resulted in apparently inconsistent redox indices: lipid peroxidation was enhanced but intracellular oxidation was moderately attenuated. Attenuated intracellular oxidation was endorsed by an increase in glutathione accompanied by up-regulated transcription of a subunit of -glutamylcysteine synthetase, the rate-limiting enzyme for glutathione synthesis. -Tocopherol, which can quench lipid peroxidation by free radical, neither inhibited that bycarotene nor influenced the intracellular redox status. Lipopolysaccharide-stimulated transcriptions of IL-1 and IL-12 p40 in RAW264 were inhibited by -carotene but not by -tocopherol. These results indicate thatcarotene, which can modulate the intracellular redox status of macrophages by enhancing the level of intracellular glutathione, is related to the immune functions of macrophages.
-Carotene, found in fruits and vegetables, is a wellknown nutrient exhibiting pro-vitamin A activity. Epidemiological studies have shown that high intake of fruits and vegetables reduces the risk of incidence of various diseases, 1, 2) suggesting the preventive effect of -carotene against such diseases. Scientists have especially noticed a chemopreventive anti-cancer effect from intake of -carotene since a review article by Peto et al. was published in 1981. 3) To date, the immunological phenomena accompanying the intake of fruits or vegetables that are rich in -carotene, and -carotene itself, have been investigated. [4] [5] [6] [7] We demonstrated the in vivo anti-allergic effect of -carotene mixed withtocopherol by feeding a supplemented diet to BALB/c mice. 8) Although the results of many studies have demonstrated the beneficial effect of -carotene on immunity, the details of the mechanism have not been elucidated.
Macrophages derived from monocytes are involved in the inflammatory response and phagocytosis. Macrophages are activated by pattern-recognition molecules such as lipopolysaccharide (LPS), a component of the cell wall of Gram-negative bacteria, via Toll-like receptors in innate immunity, 9) and also are activated as antigen-presenting cells by contact with Th (helper T) cells in adaptive immunity. In the latter case, the contact consists of binding between major histocompatibility complex class II complexed with the peptide fragment of an antigen and the specific T-cell receptor, and associated bindings, such as CD40-CD40L interaction. Macrophages are a source of IL-12, which plays an important role in the alteration of activated naive Th cells into Th1, 10) as well as pro-inflammatory cytokines, including IL-1, IL-6, and TNF-, that initiate the acute-phase response to infection. The active form of IL-12 is a p70 hetero-dimer protein composed of a p35 subunit and a p40 subunit, 11) and the production of each subunit is separately regulated. Production of p35 is stimulated by binding between MHC class II and TCR. 12) Production of p40 is stimulated by CD40-CD40L interaction 13) or by LPS. Phagocytes, including macrophages and neutrophils, generate and secrete reactive oxygen species (ROS) for defense against pathogens, so it is inevitable that phagocytes are exposed to high oxidative stress by such secreted ROS. 14) If phagocytes, like macrophages, are not sufficiently protected by anti-oxidants, ROS production by those cells can result in auto-oxidation, inducing y To whom correspondence should be addressed. Fax: +81-88-633-9376; E-mail: rintaro@nutr.med.tokushima-u.ac.jp Abbreviations: LPS, lipopolysaccharide; Th, helper T; ROS, reactive oxygen species; DCFH-DA, 2 0 7 0 -dichlorofluorescin diacetate; TBARS, thiobarbituric acid reactive substances; DCF, 2 0 7 0 -dichlorofluorescein; GSH, glutathione; GSSG, glutathione disulfide; -GCS, -glutamylcysteine synthetase; PCR, polymerase chain reaction alterations in intracellular signaling and cell function. 15) Accordingly, the intracellular redox status of macrophages is known to be important to their activity of cytokine production. [16] [17] [18] [19] In this respect, intracellular redox status can be regarded as one of the principal indices for the activity of macrophages. Thus macrophages need anti-oxidative defense for themselves.
-Carotene exhibits anti-oxidative activity in vitro by quenching singlet oxygen, 20) in addition to its provitamin A activity. In contrast, -tocopherol, classified as a fat-soluble nutrient along with -carotene, exhibits anti-oxidative activity by trapping free radicals. We hypothesized that the anti-oxidative activity ofcarotene alters the redox status of macrophages, so that -carotene would modulate the immunological functions of macrophages. Thus, in this study, we attempted experiments focusing on alteration of the redox status and the immune functions of macrophages induced by -carotene, and compared them with those bytocopherol.
Materials and Methods
Reagents. Non-essential amino acids, penicillinstreptomycin, L-glutamine, Moloney murine leukemia virus reverse transcriptase, and DTT were purchased from Invitrogen (Carlsbad, CA). Fetal bovine serum was purchased from Equitech-Bio (Kerrville, TX). Minimum essential medium, -carotene, -tocopherol, 2 0 7 0 -dichlorofluorescin diacetate (DCFH-DA), 1-fluoro-2,4-dinitrobenzene, and LPS were purchased from SigmaAldrich (St. Louis, MO). Perchloric acid was purchased from Nacalai Tesque (Kyoto, Japan). 1,1,3,3-tetraEthoxypropane was purchased from Tokyo Kasei Kogyo (Tokyo). Iodo-acetic acid was purchased from Wako Pure Chemical Industries (Osaka, Japan). Interferonwas purchased from Genzyme (Cambridge, MA). RNAqueousÔ kit was purchased from Ambion (Austin, TX). Oligo (dT) 15 primer and dNTP mixture were purchased from Promega (Madison, WI). SYBR Green was purchased from TaKaRa BIO (Otsu, Japan). IL-1 primer pair was purchased from Biosource International (Camarillo, CA). Tetrahydrofuran (dehydrated), thiobarbituric acid, and the other organic chemical reagents were purchased from Kanto Kagaku (Tokyo).
Cell culture. RAW264 cell culture was provided by Riken Cell Bank (Tsukuba, Japan). The cells were grown in minimum essential medium supplemented with 10% fetal bovine serum, L-glutamine, non-essential amino acids, and penicillin-streptomycin (50,000 U/L) in a humidified atmosphere of 5% CO 2 and 95% air at 37 C. In the experiments, the cells were cultured in medium with or without -carotene and/or -tocopherol dissolved in tetrahydrofuran (final concentration, 0.2%) for 24 h.
Thiobarbituric acid-reactive substances. Thiobarbituric acid-reactive substance (TBARS) concentrations were determined by the method of Uchiyama and Mihara 21) with slight modification, and were used as the index for lipid peroxidation. After culturing in the designated medium, 0:5 Â 10 6 cells were bursted in hypotonic 10 mM Tris-HCl, pH 7.4, prior to incubation with or without 10 mM iron (III) nitrate and 100 mM ascorbic acid for 4 h. Particularly in one experiment, after culturing in the designated medium, 1:5 Â 10 6 cells were bursted posterior to incubation in minimum essential medium with or without 5 mM iron (III) nitrate and 50 mM ascorbic acid for 2 h. The bursted cell extract was mixed with 1 ml of 1% phosphate solution containing 0.5 mM butylated hydroxytoluene. The mixture was further mixed with 1 ml of 0.67% thiobarbituric acid solution and boiled for 30 min. After cooling, the mixture received 1 ml of buthanol and was centrifuged at 3,500 rpm for 5 min at 4 C. The upper layer was collected and fluorescence was measured at an excitation wavelength of 515 nm and an emission wavelength of 553 nm. Thiobarbituric acid reactive substance was expressed as nmol malondialdehyde calculated from the standard curve prepared with 1,1,3,3-tetra-ethoxypropane.
Quantification of intracellular oxidation. Intracellular oxidation related to intracellular ROS level was quantified by the method reported previously. 22 ) RAW264 cells were seeded at a density of 3:0 Â 10 5 cells per well in non-fluorescent 96-well plates (Nalge Nunc International, Rochester, NY) before the experiments, and cultured for 24 h in the designated medium. After incubation, RAW264 cells were incubated with Hank's balanced salt solution containing 100 mM of DCFH-DA for an additional 45 min at 37
C. This reagent permeates cells and is intracellularly de-esterified to DCFH, and thus is trapped within the cells. Intracellular concentration of reduced glutathione and oxidized glutathione. Intracellular concentrations of glutathione (GSH) and glutathione disulfide (GSSG) were quantified by the method described by Ikemoto et al. 24) with a slight modification. After culturing in the designated medium, scraped 3:0 Â 10 6 cells were transferred into centrifugation tubes and suspended in 100 ml phosphate-buffered saline. After the addition of 5 ml of 70% perchloric acid solution, the mixture was centrifuged at 10,000 rpm for 10 min at 4 C. Eighty ml of supernatants was collected and supplemented with 80 ml of 80 mM iodo-acetic acid and 120 ml of saturated sodium bicarbonate solution. After incubation in the dark at room temperature, the mixture received 80 ml of 5% 1-fluoro-2,4-dinitrobenzene in ethanol and was incubated for another 4 h under the same conditions. The resulting mixtures were applied to a column of Develosil NH 2 -5 (4:6 Â 250 mm; Nomura Kagaku, Seto, Japan) in a reversed phase high performance liquid chromatography system equilibrated with 64% methanol. The column was washed and developed with a linear gradient from 0.64 to 3.2 M ammonium acetate. Glutathione and GSSG were quantified based on the absorbance at 365 nm.
Extraction of total RNA and reverse transcription. Total RNA was extracted from scraped 3:0 Â 10 6 RAW264 cells with an RNAqueousÔ kit according to the manufacturer's instructions. Extracted RNA was solubilized with 15 ml of water. Reverse transcription was performed at 43 C in a total volume of 20 ml containing 10 ml of RNA solution, 0.5 mg of oligo (dT) 15 primer, 10 mM DTT, 0.5 mM of dNTP mixture, and 10 U of Moloney murine leukemia virus reverse transcriptase. 0 . These primers were designed and synthesized by Takara Bio to our specifications. For IL-1, a commercially prepared primer pair was applied. Real-time polymerase chain reaction (PCR) was performed for 1 ml of reverse transcriptants with a primer pair and SYBR green in a LightCycler (Roche Diagnostics, Basel, Switzerland). Relative mRNA expression was determined by the Pfaffl equation.
Stimulation of RAW264 cells by lipopolysaccharide with interferon-. RAW264 cells cultured in the designated medium for 24 h were further incubated with or without LPS (final concentration, 100 ng/ml) and IFN-(final concentration, 10 ng/ml). After a 6-h stimulation period, cells were scraped off from 60-mm dishes.
Statistics. Statistical analyses were carried out by oneway ANOVA followed by post hoc tests by the Bonferroni/Dunn method.
Results

Lipid peroxidation was enhanced by -carotene
The redox alternations of the lipid consisting in RAW264 cells by -carotene and/or -tocopherol added to the culture medium were analyzed by alternation of TBARS, an index obtained by measuring the fluorescent reactant of 2-thiobarbituric acid and malonyl-aldehyde produced during the process of lipid peroxidation. When the cells were cultured in a medium supplemented with -carotene and the fraction was not exposed to the intended peroxidation (Fig. 1a) , TBARS was significantly enhanced by -carotene dose-dependently. This result indicates that -carotene, far from being an antioxidant, is a pro-oxidant for the cellular lipid. When the fraction was exposed to the intended oxidation by iron ion (III) and ascorbic acid (Fig. 1b) , -carotene enhanced the peroxidation of the cellular lipid but did not play a role in anti-oxidative protection. In contrast, supplementation with -tocopherol did not enhance the index of lipid peroxidation, and strikingly inhibited the peroxidation by the iron ion and ascorbic acid in this system, which coincided with the well-known antioxidative activity of -tocopherol against free radicals. When the lipid peroxidation for intact cell was investigated ( Fig. 1c) , where diluted iron ion and ascorbic acid were used to maintain the isotonic environment and the viability of the cells, the effect of -carotene on oxidative indices was similar to those for the bursted whole cell fraction. Additionally, we investigated combined supplementation of -carotene with -tocopherol because those two nutrients exhibited apparently opposite effects on lipid peroxidation (Fig. 1a, b) . The result of this combined supplementation was thattocopherol inhibited lipid peroxidation by iron ion but did not suppress that by -carotene. This suggests that -tocopherol would be useful for trapping free-radicals but of no use for lipid peroxidation initiated bycarotene. The concentrations of -carotene andtocopherol as in Fig. 1c , 5 mM and 20 mM respectively, can occur in human serum, [25] [26] [27] and those were also used in the subsequent experiments.
Intracellular oxidation was attenuated by -carotene
The fluorescence of DCF generated by oxidation of DCFH was measured as an index for intracellular oxidation caused by ROS. Quite differently from the case of lipid peroxidation, supplementation withcarotene resulted in significant inhibition of intracellular oxidation, and such inhibition appeared in a dosedependent manner (Fig. 2a) . Supplementation withtocopherol did not show a significant effect (Fig. 2b) . Even when the intended oxidation induced by 20 mM hydrogen peroxide was applied to this system, the results obtained were quite similar (data not shown). In this experiment to investigate the intracellular redox status, -carotene exhibited anti-oxidative activity, but -tocopherol did not.
As Figs. 1 and 2 show, supplementation withcarotene to the murine macrophage cell line resulted in lipid peroxidation and simultaneously resulted in intracellular anti-oxidation; and -tocopherol did not interfere with the redox activities of -carotene.
-Carotene induces the synthesis of intracellular GSH The contents of GSSG and GSH in RAW264 cells were measured. Supplementation with -carotene resulted in a significant increase in GSSG, but supplementation with -tocopherol did not show any significant effect in RAW264 cells (Fig. 3a) . The increase in GSSG by -carotene was not extinguished by simultaneously added -tocopherol, correspondent with the lipid peroxidation shown in Fig. 1c . Similar with GSSG, -carotene supplementation resulted in a significant increase in GSH, but -tocopherol supplementation alone did not show any significant effect (Fig. 3b) . The increase in GSH by -carotene was not influenced by simultaneously added -tocopherol. These results do not conflict with the results shown in Fig. 2 , because GSH is a representative intracellular anti-oxidative agent. These data show that -carotene supplementation enhanced intracellular levels of both GSSG and GSH in RAW264 cells, while the effect of -tocopherol had no relation with such redox alternations. 
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-Carotene as an Immune-Modulator for Macrophages
Glutathione is composed of three amino acids: glutamic acid, cysteine, and glycine. The synthesis of -glutamyl cysteine from glutamic acid and cysteine catalyzed by -GCS is the rate-limiting step in GSH synthesis. To investigate the effect of supplementation with -carotene on GSH synthesis, transcription of the modifier subunit of -GCS in RAW264 cells was investigated (Fig. 4) . Supplementation with -carotene significantly stimulated transcription, but supplementation with -tocopherol did not show any significant effect on transcription in RAW264 cells. The increase in transcription of the modifier subunit of -GCS bycarotene was not influenced by combined supplementation with -tocopherol. These data suggest that supplementation with -carotene enhanced intracellular level of -GCS, which must be responsible for the enhancement of GSH in RAW264 cells.
-Carotene attenuates LPS-induced transcription of IL-12 p40 and IL-1 in RAW264 cells
The influence of -carotene and/or -tocopherol on the immune function of RAW264 cells became of interest because the intracellular redox status of macrophages has been reported to be an index that influences the immune function of macrophages. 16, 17) Hence transcriptions to mRNA for IL-12 p40 and IL-1 stimulated by LPS with IFN-were investigated. Supplementation with -carotene down-regulated the transcription for IL-1 (Fig. 5a ). Supplementation with -tocopherol alone did not show any effect on this. The down-regulation of transcription for IL-1 by -carotene was not influenced by combined supplementation with -tocopherol. Transcription to mRNA for IL-12 p40 was affected bycarotene and/or -tocopherol similarly to that for IL-1 mRNA: supplementation with -carotene down-regulated the transcription for IL-12 p40 mRNA, but supplementation with -tocopherol alone did not show any significant effect on this (Fig. 5b) . The downregulation of mRNA for IL-12 p40 by -carotene was not influenced by the simultaneously added -tocopherol. The transcriptions of these two cytokines in RAW264 cells exhibited a clear negative correlation with the intracellular GSH concentration or the transcription of -GCS modifier subunit when -carotene was supplemented.
Discussion
Treatment of RAW264 cells with -carotene resulted in lipid peroxidation shown as an increase in TBARS. The treatment also resulted in an increase in intracellular GSSG content. These results suggest that lipid peroxidation caused by -carotene in the biomembrane of the phospholipid bilayer, where -carotene is incorporated, 25) extended to the cytoplasm. Thus, in our experiment, -carotene behaved directly not as an anti-oxidant but as a pro-oxidant to RAW264 cells. This is consistent with the observation by Palozza et al. in human leukemia and colon adenocarcinoma cells. 28) In spite of the pro-oxidative activity taken in itself, the practical effect of -carotene on the intracellular redox status of RAW264 cells was anti-oxidative in our experiment, because it activated synthesis of GSH. Such synthesis exceeded the consumption of GSH, that is, the increase in GSSG, in cells supplemented with -carotene. The enhancement of GSH accompanied by the transcription of -GCS by -carotene is consistent with observations concerning MCF-7 and HepG-2, a human mammary cancer cell line and a human hepatocellular carcinoma cell line respectively, recently reported by Ben-dor et al. 29) On the other hand, inconsistent with our data on RAW264 cells, they concluded that -carotene did not attenuate intracellular oxidation.
In contrast to -carotene, -tocopherol acted as an anti-oxidant for cellular lipids by quenching oxidation by free radicals, but -tocopherol was not effective as to the decrease in intracellular ROS levels. Accordingly, -tocopherol did not influence the transcription of -GCS or the intracellular content of GSH. Not -tocopherol which played an anti-oxidative role against lipid peroxidation, but -carotene, which caused lipid peroxidation, contributed to intracellular anti-oxidative protection in a macrophage cell line, RAW264 cells. Differently from -carotene, iron (III) with ascorbic acid induced both lipid peroxidation and intracellular oxidation in RAW264 cells (data not shown). We assume that the weak pro-oxidant activity that does not exhibit irresistible oxidization in the cell but becomes a trigger to evoke intracellular anti-oxidative protection might be the essence of the health-beneficial function of -carotene.
We report in this study the suppressed transcription of IL-1, one of the pro-inflammatory cytokines secreted from macrophages, by the treatment of RAW264 cells with -carotene. Several roles in tumor promotion have been reported for IL-1 and the other pro-inflammatory cytokines, [30] [31] [32] so they are important targets for chemoprevention.
33) The activity of IL-12 is also expected to play an important role in chemoprevention because it elicits cellular immunity to eliminate tumor cells through activating Th1 activity. As mentioned above, it has been reported that reduced macrophages more favorably induce Th1 cells than Th2 cells from naive Th cells. 17) Since the result we obtained in this study was the down-regulation of IL-12 p40 by -carotene, -carotene paradoxically looks like an inhibitor in cellular immunity and chemoprevention. On the other hand, the homo-dimer of the IL-12 p40 subunit has been found to be the antagonist for the IL-12 receptor, 34) and the homo-dimer is produced when the p40 subunit is present much more than the p35 subunit, the production of which is stimulated by antigen presentation. In this respect, mild suppression of p40 production is favorable for IL-12 activity depending on the circumstances, although sever suppression must always be an interference in synthesizing the entire IL-12 molecule. We assume that the negative bias for the production of p40 subunit by -carotene can contribute to the enhancement of IL-12 activity under conditions where the stimulation to produce p40 subunit surpasses that to produce coordinated amounts of another subunit. Indeed, BALB/c mice immunized with a smaller amount of antigen produced relatively high IgE, 35) which is produced under the predominance of Th2 activity, and it was observed that such IgE-production was attenuated by intake of a diet supplemented with -carotene plus high -tocopherol, 8) or -carotene only. 36) In RAW264 cells, the inhibited transcription of IL-1 and IL-12 p40 and the enhanced anti-oxidative protection against intracellular ROS showed a common profile, that is, sensitive to -carotene but insensitive totocopherol. Recently Bai et al. reported that -carotene inhibited inflammatory gene expression, including IL-1, in LPS-stimulated macrophages by suppressing redox-based NFB activation. 37) Their results were consistent with ours but they did not clarify the nature of the anti-oxidant activity of -carotene on macrophages. In this report, we point out the effect on the transcription of -GCS and enhancement of GSH bycarotene, which was probably due to a recovering response against the lipid peroxidation of biomembranes by -carotene. Taking together the previous report and our current results, we summarize a putative scheme of RAW264 cells (3:0 Â 10 6 ) were cultured in a medium containing 5 mM -carotene (BC) and/or 20 mM -tocopherol (AT), or no additive (Ctrl) for 24 h, followed by stimulation with 100 ng/ml LPS and 10 ng/ml IFN-. Reverse transcription and real-time PCR analyses were performed for 500 ng of extracted RNA, as described in ''Materials and Methods.'' Relative expression of transcripts responsible for IL-12 p40 (a) or IL-1 (b) as compared with transcripts of -actin was measured. Data are expressed as mean AE SD of triplicates. Statistical significances between mRNA expressions under different culture conditions are expressed by an asterisk (p < 0:05).
-Carotene as an Immune-Modulator for Macrophagesthe modulation of immune function within macrophages by -carotene (Fig. 6) .
Regarding the chemopreventive effect of -carotene, large intervention studies do not share the same view. The Linxian study 38) in China indicated the practical effect of -carotene accompanied with vitamin E and selenium on chemoprevention; the Physician's Health Study 39) in the United States indicated an invalid effect; and the Alpha-Tocopherol Beta-Carotene Cancer Prevention Study 40) on cigarette smokers in Finland and the Beta-Carotene and Retinol Efficacy Trials 41) on heavy smokers and asbestos-exposed workers in the United States indicated harmfulness rather than beneficial effects. The results of the last two studies especially appear to conflict with the concept of chemoprevention, but they do not justify giving up the role of chemoprevention by -carotene intake when the activity ofcarotene to induce -GCS is central to it. The benefit might be absent for subjects who have already enhanced -GCS, e.g. smokers with chronic obstructive pulmonary disease. 42) In such cases, an anti-oxidative effect on cytoplasm by -carotene can no longer be expected. In fact, an adverse effect by the oxidizing cellular membrane will occur.
The anti-oxidative activity of food ingredients has attracted a great deal of attention. That of -carotene is representative, although its activity under physiological conditions has not been clarified, and even its in vivo effect on health has been a matter of controversy. Here we suggest the modulating activity of -carotene on the immune system, through enhancing intracellular antioxidative protection of macrophages by inducing transcription of -GCS. When naive subjects whose -GCS levels in macrophages are not high receive -carotene, their macrophages are expected to obtain increased protection against ROS due to increased GSH produced by up-regulated this enzyme. Based on this speculation, we nominate -carotene as a food factor possessing immune-modulating activity. The modulation of cytoplasmic redox status of the macrophage by -carotene should be taken into account when considering the role of -carotene in chemoprevention or other immunological effects, including the prevention of allergies.
